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INTRODUCTION 
Thermal wave imaging (TWI) describes a family of methods for materials 
characterization based on temperature changes induced by an external 
source. The source can be a laser [1,2,3] or an electron [4,5,6] beam 
modulated to produce time-varying surface and bulk temperatures in the 
specimen. Recently, ion sources have been used for excitation [7,8,9] and 
share some imaging features in common with laser and electron sources. All 
three types of sources have the ability to detect buried defects in opaque 
solids and to locate tightly closed cracks [10]. However, the fundamental 
physical mechanisms of signal generation and image contrast vary to some 
extent based on the source and, in particular, on the physics of ion-
acoustic signal generation process. Non-thermal acoustic wave generation 
by particle beam-specimen interactions may play a role in this process 
along with the thermal generation processes familiar from the case of laser 
excitation. In a continuing effort to study acoustic generation mechanisms 
employing an ion beam source, the question of sensitivity to surface 
chemistry arose. Since our apparatus was equipped to conduct experiemnts 
under 02 partial pressures, the effect of o2 on ion-acoustic generation was 
a natural choice. Oxygen is Qne of the most common impurities encountered 
in materials development, and its presence in materials such as turbine 
blade coatings raises questions about propagation through microstructures 
containing different phases. Demonstration of acoustic contrast associated 
with oxygen would thus be of some interest for NDE. This paper is directed 
at improved understanding of the signal generation processes for ion-
acoustic imaging and investigates the effect of oxide films on acoustic 
signal generation by ions. A dependence of the acoustic signal amplitude 
on oxide coverage is observed which varies with specimen material and shows 
a kinetic variation with the time of film formation and erosion. 
EXPERIMENTAL 
Ion-acoustic measurements were made using a SIMS (Secondary Ion Mass 
Spectrometer) apparatus modified to include beam blanking and beam steering 
capability. Figure 1 is a block diagram of the system. A piez~electric 
transducer attached to the underside of the sample detected the specimen 
elastic response to square-wave modulation of the ion beam current. The 
modulation frequency varied over a range between 100 Hz and 250 kHz and the 
magnitude and phase of the acoustic signal were determined as a function of 
frequency. Specimen current (Faraday current) could be measured simultane-
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ously with the acoustic signal. Beams of Ar+, xe+, and Ne+ ions at primary 
beam voltages ranging from 1 to 10 keV could be used in this apparatus but 
in these experiments only Xe+ and Ar+ ions were employed. The ability to 
choose the specific ion mass had allowed investigation of the presence of 
acoustic generation by direct momentum transfer from beam to specimen 
[11]. Both focused (beam diameter • 300 microns) and unfocused beams were 
used and no discernible differences in the parametric dependence of the 
response on frequency, ion type or specimen material could be correlated 
with focusing. 
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Fig. 1 Block diagram of ion-acoustic system. 
The specimens consisted of bulk metal and single crystal silicon sub-
strates several centimeters on a side ranging from 0.25 mm to 20 mm 
thick. They were covered by surface oxide films prepared by both anodi-
zation and thermal oxidation in the case of Ta or thermal oxidation alone 
for the other metals and silicon. The thermal oxidation was accomplished 
by heating under known partial pressures of oxygen. The samples inciuded 
Al, Mg, Ti, Ta, V, W, Mo, and crystalline Si as summarized in Table I. The 
acoustic signal amplitudes were measured as a function of time during film 
formation and film removal. Measurement of changes in the specimen current 
were also made under identical experimental conditions. For selected 
samples, SIMS measurements of secondary ion flux were made under the same 
conditions used for the ion-acoustic studies. 
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TABLE 1 Samples Used for o2 Enhancement Studies 
Mg-alloy(Al,Mn,Zn) 
Al alloy(Mg,Mn,Fe,Si,Cu) 
Si single crystal 
Ti(CP) 
Steel(Mn) 
Ta(pure) 
Anodic Ta2o5(purple) on Ta 
2.4 mm x 12.7 mm disc 
1.6 mm x 14 mm x 13 mm rectangle 
0.38 mm x 8 mm x 25 mm rectangle 
0.64 mm x 16 mm x 21 mm rectangle 
2.1 mm x 8 mm x 13 mm segment of 
washer 
1.5 mm x 13.2 mm x 13.2 mm rectangle 
a. Film: ~ 350A 
b. Substrate: 0.13 x 14 x 15 mm 
Anodic Ta2o5(copper) on Ta a. Film: ~ 1400A 
b. Substrate 0.1 x 14 x 13 mm 
Coupling to the PZT housing was made with DAG 154 (Acheson Colloids Co., 
Port Huron, Michigan) 
RESULTS 
The changes in the magnitude and phase of the acoustical signal, for 
samples presputtered to remove native oxide films, were measured as a 
function of time following introduction of o2 at a pressure of 
approximately 10-5 Torr into the specimen chamber. Figure 2 shows the 
results for aluminum. Following the admission of o2 , the acoustic signal 
increased until finally reaching a stationary value. The ratio of the 
final signal amplitude to that measured before oxygen is admitted is 
defined as the enhancement ratio, R. R values for both acoustic and 
Faraday current signals vary with the specimen material as shown in Table 
II. The time to reach equilibrium is dependent on the material. No 
systematic study of the effect of oxygen partial pressure on formation time 
has yet been made. 
Fig. 2 
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Variation in ion-acoustic response during sputtering of Al alloy 
with 7 keV ar+ in the presence and absence of oxygen. The 
modulation frequency is 89 kHz. 
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TABLE II Comparison of the Effect of Oxygen on the Acoustical Response and 
Ion Yield of Materials Sputtered with 6-7 keV Ar+; 40 kHz (Blanking) 
Acoustic SIMS 
Material S(02) iF(02) Ix+<o2) iF(02) 
S(No o2) iF(No o2) Ix+(No o2) iF(No o25 
~ Alloy 2.5 2.47 1.7 1.74 
Al Alloy 1.16 1.5 2.9 1.17 
Si(SC) 
- - 12 1.12 
Ti 1.02 1.07 
- -
Fe( Steel) ND ND 196 1.07 
~a 1.09 1.10 91 1.09 
(Ta2o5/Ta)#1 1.14 1.ll - -(Ta2o5/Ta)#2 1.16 1.09 - -
The frequency dependence of the acoustic signal and the Faraday 
current was measured before oxygen was admitted and in the equilibrium 
~~:!~~·fo!i~~~!U:U:::r!:::e:~:me~~:~m;:~a~0::s:!t~h!o~0:~~e~on;:~o;~~!c 
spec!yens there is a low frequency region where the acoustic signal varies 
as f and where little oxygen enhancement is seen. In a second region at 
higher frequencies there is a significant enhancement. The enhancement 
ratio at high frequencies is Ru~ = 2.5 and RAl = 1.16. Magnesium exhibits 
the largest enhancement of any.~f the metals studied. Figures 4{a) and (b) 
show ~ for both metals for Ar+ and xe+ ions, respectively. The variation 
of the specimen current with frequency is not shown in these figures but 
was found to be independent of frequency for the range of frequencies used 
in this work, revealing no dependence of the kind observed in the acoustic 
case. The origin of the frequency dependence for the ion-acoustic signal 
has not been established but it is noteworthy that a similar frequency 
dependence has been observed in electron-acoustic imaging and is correlated 
with the visibility of lateral s-tructures such as grain boundaries or 
closed cracks [10]. There it was suggested that two generation mechanisms 
for acoustic waves in solids exist because of the presence of two frequency 
regimes. 
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Fig. 3 Frequency dependence of ion-acoustic response in the presence and 
absence of oxygen during sputtering of Mg and Al alloys with 7 KeV 
xe+. 
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Frequency dependence of enhfncement ratio, R, for Mg and Al alloys 
sputtered with (a) 7 keV Ar ions and (b) 7 keV Xe+ ions. 
Measurements were also made on anodized Ta specimens covered initially 
by thick oxide films nominally 37 nm and 150 nm thick. The variations of 
acoustic signal and specimen current with time are s'h.own in Fig. 5(a) 
and ·(b) for the 37 nm and 150 nm specimens, respectively, each for several 
different areas on the specimen. The second areas of the 37 nm specimen 
sputtered did not show the initial enhancement observed in the other areas 
studied and suggests the possibility of changes in surface chemistry caused 
by either condensation of sputtered neutrals or the chemisorption of o2 
introduced during the enhancement step in the first profile. Under non-
oxidizng conditions, the ion beam erodes the oxide film, finally breaking 
through after some minutes of exposure. At the interface, both the acous-
tic signal and specimen current drop. For the conditions of Fig. 5, the 
hreakt :•rou~h time was independently estimated using SIMS by monitoring the 
160 + signals. The values corroborated the earlier results. After exposing 
the Ta substrate, 1 . 5 x lo-5 Torr oxygen was added to the target chamber. 
A rapid rise occurred in both the acoustic and specimen current signals. 
For the second Ta20s/Ta sample with a thick anodic film, the initial 
response is different than that for the thinner film. The rapid surface 
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Fig. 5 Variation in ion-acoustic signal and specimen current with time for 
different areas on At2o5 film on Ta. (a) Sample 1 with film 
thickness 37 nm, (b) Sample 2 with film thickness 150 nm. 
enhancement is not evident; in addition, there appears to be an offset in 
the rise times of both the acoustic signal and specimen current responses. 
One conclusion from these measurements is that enhancement of the acoustic 
signal does not depend strongly on the oxide film thickness and hence not 
on the mechanical properties of the film. This distinguishes it from the 
sensitivity shown for the case of laser-acoustic generation where the 
mechanical film propert ies are important in controlling the shape and 
amplitude of the acoustic response. The absence of.any dependence of the 
signal on the mechanical properties of the layer is significant since in 
experiments on ultrasound generation by laser heating, the stress boundary 
conditions at the specimen surface and the presence of constraining surface 
layers control the shape and ampl itude of the acoustic response. 
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DISCUSSION 
Unlike laser (non-ablative applications) and electron beam sources, 
heavy ion beams cause erosion of the specimen. At the same time, ions are 
implanted below the surface with the deposition of energy and momentum 
distributed with depth. As these time-dependent processes occur, acoustic 
generation proceeds by various mechanisms in different regions in the 
sample. Thus ejecta could contribute to the signal. Since the surface 
condition can affect the sputtering process and perhaps the acoustical 
process, the sputtering behavior of the materials used was examined. The 
positive ion spectra of the Mg alloy, Al alloy, Si, steel, and Ta samples 
were obtained both with and without oxygen enhancement. The rise and decay 
of the MO+ signal (where M is a metal) was obtained. In addition, the Mg, 
Al, and Si spectra showed a large and somewhat comparable population of 
multiple-charged ions (Mo2+, Mo3+). The silicon acoustic change with 
oxygen is much less than that seen for either Mg and Al suggesting that 
there is not a direct correlation between sputtering efficiency and acous-
tic signal generation. Of course, the sputtering process also involves 
production of negative ions and a large number of neutrals so that a full 
picture of the correlation between the two processes must take all compon-
ents of the sputtering into account. One possible explanation for the 
increase in the acoustic signal with oxygen (especially for Mg and Al) is 
that the sputtering rates for the oxides are substantially less than that 
for the metals. Thus less energy is removed as ejecta and is then avail-
able for acoustic wave generation on implantation. Since the change is 
more prominent at higher frequencies, this suggests a possible non-thermal 
enhancement process. 
The acoustic signal and specimen current are correlated in many of the 
experiments described in this paper. The main area where correlation does 
not exist is for oxidized material at low frequency. Several possible 
origins of the current changes have been considered in light of prior work. 
Benninghoven and Wiedmann [12] studied the reaction of o2 on Mg and show 
positive and negative ion spectra of clean and oxidized surfaces. Both 
polarity ion populations rise dramatically on an oxidized surface; however, 
the rise for negative ions is greater and a shift in specimen current would 
be expected. On the other hand, Muller and Benninghoven [13] studied the 
reaction of o2 on Ti and showed a net increase in positive ions on an 
oxidized metal surface. Since the sputtering rate of Ti02 is less than Ti, 
an increase in specimen current and a decrease in the acoustic signal would 
be expected. The former is seen but not the latter. Again, no account was 
made of the secondary ion distributions nor of the true ion yields. 
CONCLUSIONS 
Acoustic signals generated in solids by modulated ion beams had been 
shown to be able to image surface and near subsurface regions of the 
specimen. However, the mechanisms leading to acoustic wave generation are 
uncertain. Non-thermal generation mechanisms had been expected to be 
important since current theories of sputtering would support a strong role 
for momentum transfer from the ion beam to the specimen. Experimentally, 
little evidence for these mechanisms has been found. This paper has 
investigated ion-acoustic signal generation for certain metals and for 
silicon crystals covered with oxide films and finds that the films enhance 
the magnitude of the acoustic signals observed. Results obtained using 
different ion species and through measurement of the frequency and time 
dependence of the oxidation/erosion process of film formation suggest that 
the mechanical properties of the films are not responsible for the observed 
enhancement. However, the nature of the oxygen attachment to the surface 
may influence the signals. Also, the detailed interpretation of specimen 
current changes and acoustic signal changes are future tasks. 
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DISCUSSION 
Mr. H. K. Wickramashinghe: With what accuracy can you determine the end 
point in the oxide erosion process and locate the interface between 
the surface film and the substrate? 
Mr. Murphy: That is difficult to answer now because the SIMS work is not 
being done simultaneously with the ion-acoustic studies at this time. 
We hope to better answer that question in the relatively near future 
when data from two simultaneous measurements are available. Based 
on current estimates for oxide sputtering rates, it looks as if the 
interfaces can be determined relatively accurately on the time scale 
that I showed in the figure. A better number will have to wait for 
the next set of experiments. 
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